Abstract. accumulating evidence has shown that micrornas (mirnas) are involved in multiple processes in cancer development and progression. upregulation of miRNA-494 (miR-494) has been identified as an oncogenic mirna and is associated with poor prognosis in several types of human cancer. However, the specific function of miR-494 in colorectal cancer remains unclear. in this study we found that the expression of mir-494 in colorectal cancer tissues and cell lines was much higher than in normal control tissues and cells, respectively. in addition, upregulation of mir-494 more frequently occurred in tissue specimens with adverse clinical stage and the presence of distant metastasis. Moreover, multivariate survival analyses demonstrated that overexpression of mir-494 is an independent prognostic factor for both progression-free and overall survival. in addition mir-494 promoted invasion and migration in colorectal cancer cells, and mir-494 directly inhibited the phosphatase and tensin homolog deleted on chromosome 10 (Pten) expression by targeting its 3'-untranslated region (3'-utr). Moreover, Pten is down regulated and inversely correlated with mir-494 expression in tissues. Thus, for the first time, we provided convincing evidence that upregulation of mir-494 was associated with tumor aggressiveness and tumor metastasis and promoted cell migration and invasion by targeting PTEN gene in colorectal cancer, and mir-494 is an independent prognostic marker for colorectal cancer patients.
Introduction
colorectal carcinoma (crc) is the third most frequently diagnosed malignancy and the third leading cause of death among cancer patients in the united States (1) . Despite current therapeutic strategies combining adjuvant chemotherapy, surgery and sometimes radiotherapy, the prognosis of crc remains poor, since most crc patients have distant metastases at diagnosis or develop recurrent metastatic crc following surgical treatment. although recent developments in molecular biology have provided insight into the molecular mechanisms of crc, the fundamental molecular mechanisms underlying metastasis in crc have not been fully elucidated. therefore, it is essential to identify metastasis-associated molecules as effective drug targets and to enhance the understanding of the mechanisms underlying the metastasis of crc.
Micrornas (mirnas) are small non-coding rnas (~22 nucleotides in length), transcribed from non-protein-coding genes or introns, which regulate gene expression through repressing translation and cleaving their mrnas by binding to complementary sites in their 3'-untranslated region (3'-utr) (2) . mirnas regulated the expression of a wide variety of target genes, and aberrant expression mirnas cause them to function as tumor suppressors or oncogenes according to the role of their target genes (3, 4) . Particularly, mirnas can regulate various biological processes of tumor cells, including cell proliferation, differentiation, progres sion, apoptosis, proliferation, migration and invasion (5) (6) (7) . furthermore, increasing numbers of mirnas have been observed in various types of cancer and may be involved in modulating cancer cell behavior (8) (9) (10) . Several aberrantly expressed mirnas have been proven to be associated with tumorigenesis, tumor progression and metastasis in crc, and taken as prognostic indicators for crc including mir-150 (11), mir-28-5p/-3p (12) , mir-200 (13) and many others (14) (15) (16) .
mirna-494 (mir-494), located on chromosome 14q32.31, has been reported to be highly expressed in retinoblastoma miR-494 is an independent prognostic factor and promotes cell migration and invasion in colorectal cancer by directly targeting PTEN cells (17) and in the anti-BPDe-induced human bronchial epithelial cell line 16HBe (18) , but the role of mir-494 in carcinogenesis is still not fully understood. in tumor-expanded myeloid-derived suppressor cells, it has been reported that mir-494 was able to regulate the expression phosphatase and tensin homolog deleted on chromosome 10 (Pten) post-transcriptionally and function as a micro-oncogene in carcinogenesis (19) . in glioma, mir-494 was also proved to be a target to control invasiveness in cancer therapy (20) . these studies suggest that mir-494 may play an important oncogenic role in tumorigenesis and metastasis. But mir-494 was found downregulated and suppressed cell proliferation in gastric cancer, a549 lung cancer cells cholangiocarcinoma (21) (22) (23) . it is still unclear whether mir-494 was an oncogenic mirna or a tumor suppressor mirna in crc. thus the role of mir-494 in carcinogenesis and metastasis of crc needed further investigations.
the aim of our study was to investigate the effects of mir-494 on cell migration and invasion and further discuss the mechanism of action of mir-494 by identifying its potential target gene in crc. We found that mir-494 expression was upregulated in the majority of crc tissues, and upregulated miR-494 was significantly associated with tumor recurrence, metastasis and poor prognosis in crc patients. Moreover, in vitro assays showed that mir-494 could promote tumor migration and invasion of crc cell lines by targeting its direct target Pten. to the best of our knowledge, this is the first study to examine the expression and role of miR-494 in prognosis and metastasis of crc.
Materials and methods
Patients and tissue samples. this study was approved by the research ethics committee of Xi'an jiaotong university. Written informed consent was obtained from all the patients. the specimens were handled and made anonymous according to the ethical and legal standards. a total of 247 patients were enrolled in this study. Patients received curative resection for CRC at the Second Affiliated Hospital, Xi'an JiaoTong university (Shaanxi, china) between 2001-2008. none of the patients enrolled in this research received blood transfusion or chemotherapy before surgery. the clinicopathological information of the patients is shown in Table Ⅰ . The follow-up information of all participants was updated every 3 months by telephone. The overall survival was defined as the time elapsed from surgery to death. information regarding the death of patients was ascertained from their family. Patients were followed after surgical treatment until May 2013, with a median follow-up of 83 months (range, 8-139 months). During the follow-up period, 121 patients (49.0%) died of the disease. the median overall and progression-free survival of patients was 37 and 34 months, respectively.
Quantitative reverse transcriptase PCR (RT-qPCR) assay. the expression of mir-494 in crc and corresponding adjacent tissues were detected by RT-qPCR assay. Briefly, total RNA was extracted from tissues using trizol reagent (invitrogen life technologies, carlsbad, ca, uSa) according to the manufacturer's protocol. then, mirna expression levels were quantitated using taqMan microrna real-time rt-Pcr kit (applied Biosystems, foster city, ca, uSa) according to the manufacturer's protocol. Data were analyzed with 7500 Software v.2.0.1 (applied Biosystems), with the automatic ct setting for adapting baseline and threshold for ct determination. the universal small nuclear rna u6 (rnu6B) was used as an endogenous control for mirnas. each sample was examined in triplicate and the amounts of Pcr products produced were non-neoplasticized to rnu6B.
Cell culture. Human crc cell lines SW620, SW480, Hct116 and normal colon epithelium cell line ccD-18co were obtained from the cell Bank of the chinese academy of Sciences (Shanghai, china), where they were characterized by mycoplasma detection, DNA fingerprinting, isozyme detection and cell vitality detection. they were cultured in rPMi-1640 (invitrogen life technologies) mediums supplemented with 10% fetal bovine serum (fBS) (Hyclone, logan, ut, uSa) and cultured in a humidified incubator at 37˚C in 5% CO 2 .
Oligonucleotide transfection. mir-494 mimics and inhibitors were chemically synthesized by Shanghai genePharma (Shanghai, china). once the cells were 80% confluent, mir-494 mimics or inhibitor was transfected into osteosarcoma cells with lipofectamine 2000 (invitrogen life technologies) according to the manufacturer's instructions. cells were also transfected with scramble oligonucleotide as negative control (nc). the expression level of mir-494 in the transfected osteosarcoma cells were identified by RT-qPCR.
In vitro migration and invasion assays. cell migration and invasion capacity were measured using transwell migration assays (Millipore, Billerica, Ma, uSa) in vitro. the crc SW620 cells were transfected with mir-494 inhibitors and ncs for 48 h, the crc SW480 cells were transfected with mir-494 mimics and ncs for 48 h, and then the cells were suspended in rPMi-1640 with 10 g/l BSa at a density of 1x10 6 cells/ml. then, cell suspensions (150 µl) were seeded in the upper chamber with aporous membrane coated with (for the transwell invasion assay) or without (for the migration assay) Matrigel (BD Biosciences, San Diego, ca, uSa). to attract the cells, 500 µl of rPMi-1640 with 10% serum was added to the bottom chamber. after allowing the cells to migrate for 24 h or to invade for 48 h, the penetrated cells on the filters were fixed in dried methanol and stained in 4 g/l crystal violet. the numbers of migrated or invasive cells were determined from five random fields using a microscope (olympus, tokyo, Japan) at x10 magnification.
Luciferase reporter assay. crc cells were seeded in a 96-well plate at 60% confluence. After 24 h, cells were transfected with 120 ng of wild-type (Wt) or mutant (Mt) 3'-utr of Pten mrna expression vector pgl3-target-3'utr and 30 ng of mir-494 mimics using lipofectamine 2000. cells were collected 48 h after transfection, and luciferase activity was measured using a dual luciferase reporter assay system according to the manufacturer's protocol (Promega corporation, Madison, Wi, uSa). Western blot analysis. cells were harvested in lysis buffer (50 mM nacl, 50 mM eDta, 1% triton X-100) containing protease inhibitor cocktail (roche Diagnostics, indianapolis, in, uSa). the cell lysates (30 µg) were separated using 10% SDS-Page gels and then transferred onto nitrocellulose membranes (Millipore, Bedford, Ma, uSa). the membranes were blocked with 5% non-fat milk diluted in PBS for 2 h at room temperature before the addition of the appropriate primary antibody. the antibodies used in this study included anti-Pten (1:1,000, no. 9188; cell Signaling technology, inc., Danvers, Ma, uSa) and anti-β-actin (1:3,000, a2066; Sigma, St. louis, Mo, uSa). the membranes were then washed with PBS containing 0.05% tween-20 and incubated with the appropriate HrP-conjugated secondary antibody (1:5,000; Sigma) for 1 h at room temperature. the bands were visualized using a chemiluminescence reagent (new england nuclear, Boston, Ma, uSa).
Statistical analysis. Statistical analysis was performed using iBM SPSS statistical software (version 20.0). Survival curves were estimated using the Kaplan-Meier method, and distributions were evaluated by the log-rank test. cox proportional hazard models of factors related to survival were used to calculate rrs and identify the factors that affect survival. the differences in characteristics between the two groups were examined by the χ 2 test and fisher's exact test. all P-values were determined from two-sided tests, and statistical significance was based on a P-value of 0.05.
Results
Upregulation of miR-494 is associated with metastasis and recurrence of CRC. expression of mir-494 was analyzed in 247 pairs of crc and adjacent tissues by rt-qPcr and normalized against an endogenous control (u6 rna). as shown in fig. 1a the expression level of mir-494 in the crc tissues was found to be distinctly upregulated when compared to that in adjacent tissues. furthermore, in comparison to the non-metastatic CRC tissues, the miR-494 levels were significantly higher in metastatic crc tissues ( fig. 1B) . Moreover, mir-494 levels were upregulated in the tumor tissues obtained from the patients who suffered crc recurrence ( fig. 1c) . Collectively, these data indicated that significant upregulation of mir-494 expression occurred in crc and was correlated with crc relapse and metastasis. to further evaluate the association of mir-494 with crc metastasis, we analyzed mir-494 levels in three crc cell lines (SW620, SW480, and Hct116) and normal colon epithelium cell line ccD-18co. Similarly, we found the expression of mir-494 was much higher in all three crc cell lines than that in the normal colon cell line. it is noteworthy that mir-494 level was higher in metastatic crc cells (SW620) than its paired metastatic cell line (SW480) (Fig. 1D) . Taken together, the above findings suggest that mir-494 levels correlate with metastatic potential of crc.
Upregulation of miR-494 is associated with advanced clinicopathological features of CRC. to determine the clinical significance of miR-494 in CRC, we analyzed the association of mir-494 expression with various clinicopathological parameters of crc tissues. the median mir-494 expression in all 247 patients with crc was 3.84. the patients were divided into two groups according to their expression levels of mir-494, using the median level as a cutoff: the high mir-494 expression group (n=129) and the low mir-494 expression group (n=118). As shown in Table Ⅰ , miR-494 was significantly upregulated in crc patients with advanced clinical stage (P=0.027), metastasis status (P=0.001), and positive lymph node metastasis (P=0.006). We also found a trend of increased mir-494 level from well to poor diffe rentiation (P=0.022). However, mir-494 expression was not significantly correlated with gender, age, tumor size, tumor location and depth of invasion.
Upregulation of miR-494 is associated with poor prognosis in patients with CRC. to determine the prognostic value of mir-494 expression in crc, we analyzed the relationship between the mir-494 and clinical outcome. the relationship between mir-494 expression overall survival or progression-free survival was investigated using Kaplan-Meier analysis and log-rank test. Statistically significant differences in overall survival and progression-free survival were found between the high mir-494 level group and low mir-494 level group ( fig. 2a and B ; log-rank test: P=0.0192 and P=0.0097, respectively). the patients with high mir-494 expression tended to have shorter overall and progression-free survival time when compared to patients with low mir-494 expression. univariate analysis identified advanced clinical stage, metastasis status, lymph node status, differentiation status and high expression of mir-494 as indicators for poor prognosis for overall survival and progression-free survival (all P<0.05), whereas age, gender and tumor location were not significantly associated with overall survival and progression-free survival (Tables Ⅱ and Ⅲ) . To test whether the prognostic value of high mir-494 expression was independent of other risk factors for poor overall and progression-free survival, a multivariate analysis was performed using a cox proportional hazard model. Multivariate analyses including age, gender, tumor location, tumor stage, mir-494 expression, differentiation status, lymph node status, depth of invasion and metastasis status demonstrated that high mir-494 expression was an independent predictor for poor overall and progression-free survival in crc patients (Hr=2.874, ci=1.148-3.294, P=0.017 and Hr=3.712, ci=1.513-5.272, P= 0.009, respectively). Statistically significant results were also obtained for advanced tumor stage, and metastasis status, whereas all other para meters were not significant for overall and progression-free survival (Tables Ⅱ and Ⅲ) .
miR-494 promotes the migration and invasion of CRC cells.
as patients with recurrent metastatic crc present with poor outcome, and our previous results indicated that mir-494 was significantly associated with progression-free and overall survival, we aimed to ascertain whether mir-494 affects the cell migration and invasion of crc cells. the SW480 cell line was derived from the primary adenocarcinoma and SW620 cell line was derived from metastatic adenocarcinoma of the same patients (24). our previous results proved that SW480 had lower expression of mir-494 than SW620. So they were used to investigate the role of mir-494 on cell migration and invasion. SW480 was transiently transfected with mir-494 mimics, whereas SW620 was transiently transfected with mir-494 inhibitors. as expected, transfection of mir-494 mimics or mir-494 inhibitors resulted in an increased or decreased mir-494 expression in SW480 or SW620, respectively ( fig. 3a and B) . Moreover, the migration and invasion assays demonstrated that mir-494 overexpression Table Ⅱ . Cox regression analysis of prognostic factors for overall survival in colorectal cancer patients (n=143).
univariate Table Ⅲ . Cox regression analysis of prognostic factors for progression-free survival in colorectal cancer patients (n=143). significantly increased the migration and invasion ability of SW480 ( fig. 3c and e) . conversely, knockdown of mir-494 in SW620 decreased the migration and invasion ability of SW620 ( fig. 3D and f) . these results indicate that mir-494 functions as oncogenic mirna and contributes to the progression and metastasis of crc cells.
Multivariate ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
univariate Multivariate ------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------
PTEN is a direct target of miR-494 in CRC cells and inversely correlates with miR-494 in CRC tissues
. to characterize the mechanism by which mir-494 promotes crc metastasis, we searched for potential target genes of mir-494 using three publicly available databases, targetScan, Pictar and miranda. We were particularly interested in tumor suppressor gene PTEN, because Pten was a crucial factor in various central processes of cancer development and loss of Pten was proved to be associated with advanced crc, liver metastasis, and poor survival (25, 26) . it has been proven that Pten was the direct target of mir-494 in other cells (19, 27) . considering the tissue-specific and developmental stage-specific manner of mirnas, we investigate the relationship of Pten and miR-494 in CRC cell lines. In order to confirm PTEN is a target gene for mir-494 in crc cells, rt-qPcr was used to detect the expression of Pten in crc cell line SW480 and SW620. the expression of Pten at mrna and protein level was significantly downregulated after overexpression of miR-494 in SW480 cell line. conversely, the expression of Pten was significantly upregulated after knockdown miR-494 expression in SW620 cell line ( fig. 4a and B) . furthermore, we assessed the significance of the miR-494 and PTEN correlation in crc tissues. We determined the Pten mrna and mir-494 expression in the same crc specimens by rt-qPcr. As shown in Fig. 4C , a statistically significant inverse correlation was revealed by Spearman's correlation analysis between mrna levels of mir-494 and Pten (r=-0.798; P<0.001). taken together, our results suggest that mir-494 negatively regulates the expres sion of its potential target gene PTEN in crc cell lines and tissues. We further performed luciferase reporter assay to verify whether mir-101 directly targeted the 3'-utr of Pten in crc cells. the target sequence of eZH2 3'-utr (Wt 3'-utr) or the Mt sequence (Mt 3'-utr) was cloned into a luciferase reporter vector ( fig. 4D ). SW480 and SW620 cells were then transfected with Wt or Mt 3'-utr vector and the miR-494 mimic. As shown in Fig. 4E , a significant decrease in luciferase activity was noted between the Pten Wt 3'-utr group and the nc group in SW480 cells (P<0.05). the repressive effect was abrogated by point mutation in the core binding sites of the eZH2 3'-utr. a similar trend was also found in the SW620 cells ( fig. 4f) . these results indicate that mir-494 exerts an inhibitory effect on Pten expression via interaction with the 3'-utr of Pten in crc cells.
Discussion
Several miRNAs have been identified as candidate components of oncogene and tumor suppressor networks in crc, and these mirnas and their targets play critical roles in carcinogenesis and are important for finding out novel therapeutic targets. Previous reports showed that mir-494 was downregulated and functioned as a tumor suppressor in human cholangiocarcinoma (21), gastric cancer (23) and lung cancer (28). However, other studies demonstrated that upregulation of mir-494 was associated with several types of human malignant solid tumors, including hepatocellular carcinoma (29) , non-small cell lung cancer (30) , and carcinoma induced by anti-BPDe (27) . in these types of cancer, mir-494 seemed to be an oncogene, and promoted tumor cell proliferation, cell cycle, cell migration and invasion via regulation of the target genes Pten, BiM and Mcc. However, the function and clinical relevance of mir-494 in crc have not yet been studied. in the current study, our results showed that mir-494 was upregulated in crc tissues compared to adjacent tissues, and mir-494 was also upregulated in the tissues of crc patients with lymph node metastasis compared with those without lymph node metastasis. accordingly, we confirmed that miR-494 was commonly overexpressed in CRC cell lines compared with the normal colon epithelium cell line. These findings suggest that miR-494 may have vital roles in crc progression.
We then investigated the clinical relevance of mir-494 in crc. it was found that the increased expression of mir-494 in CRC was significantly associated with the adverse clinicopathological and histopathological features. Moreover, we demonstrated that the mir-494 expression level was also predictive of disease progression and cancer-specific death. our results showed that the patients with high mir-494 level are usually at a significantly higher risk of cancer progression, cancer-specific death and shorter progression-free and overall survival time. Multivariate analysis demonstrated that high expression of miR-494 was a statistically significant risk factor affecting both progression-free and overall survival in crc patients, which indicated that mir-494 expression could be an independent predictor of crc progression and prognosis. The above results provided the first evidence supporting that mir-494 was a predictor of poor prognosis in crc.
to reveal the role of mir-494 in crc cells, we tested the effect of mir-494 on cell migration and invasion. our results showed that mir-494 could promote cell migration and invasion. these results indicate that mir-494 might be a novel oncogenic mirna that play important roles in the regulation of tumor metastasis of crc. to address the molecular mechanisms involved in mir-494-mediated changes of biological properties, the Pten was selected for further study because it was predicted to be a target of mir-494 by bioinformatics analysis. We found the following evidence supporting that mir-494 may be involved the modulation of Pten expression. Both the mrna and protein levels of Pten were significantly downregulated after overexpression of miR-494 in SW480 cell lines. conversely, the expression of Pten was significantly upregulated after knockdown of miR-494 expression in SW620 cell lines. furthermore, the mrna levels of mir-494 inversely correlated with Pten levels in crc tissues. Moreover, overexpression of mir-494 decreased the luciferase reporter activity of Wt 3'-utr but not Mt 3'-utr of PTEN. These data confirm that PTEN is a downstream mediator of mir-494 function in crc.
the PTEN gene, known also as mutated in multiple advanced cancer 1 (MMAC1), is a tumor suppressor gene located at chromosome 10q23.31 (31) . the Pten protein is principally involved in homeostatic maintenance of Pi3K/akt signaling originating from egfr activation. Pten/Pi3K/akt is highly involved in carcinogenesis and associated with eMt, cell cycle arrest (32) (33) (34) . It has been also confirmed that PTEN, which counteracts Pi3K/akt activity, is involved in inhibition of cell proliferation and invasion (35) . thus, loss of Pten function has an important impact on multiple aspects of cancer development such as cell proliferation, apoptosis resistance, angiogenesis, metabolism regulation, genomic instability, stem cell self-renewal, cell migration and invasion (36) (37) (38) (39) . it was reported that loss of Pten expression was associated with liver metastasis, eMt, and enhanced migration and invasion of crc (25, 26) . our results showed that mir-494 promoted tumor migration and invasion, and mir-494 upregulation was correlated with Pten downregulation in crc. these results indicate that upregulation of mir-94 in crc may enhance cell migration and invasion, at least partially through the downregulation of Pten expression.
the role of mir-494 in tumor development proves to be tissue dependent, causing increased proliferation in H460 lung cancer cells, hepatocellular carcinoma, breast and transformed bronchial epithelial cells (19, 27, 29, 30) . However, it induces cell cycle arrest in lung cancer and cholangiocarcinoma (22, 28) . our results demonstrated that mir-494 increases cell migration and invasion in crc, which indicated an oncogenic role of mir-494 in crc. Moreover, our study supported the role of Pten which was the direct target of oncogenic mir-494 as the tumor suppressor in crc. in the tissues of crc patients, we further confirmed the oncogenic role of miR-494 in CRC and its inverse relationship with Pten. these results shed new light on the role of mir-494 in different types of tumors, especially in crc.
collectively, we showed that mir-494 was upregulated and its target Pten was downregulated in crc tissues. Moreover, upregulated miR-49 was significantly associated with adverse clinicopathological and histopathological features of crc. We found ectopic expression of miR-494 could significantly promote cell migration and invasion in crc cells through directly targeting Pten. these results suggested that mir-494 played a role in inhibiting the development and progression of crc by targeting Pten and may potentially lead to a novel strategy for treatment of crc.
